In order to discover new compounds with good fungicidal activities, 32 pyrazole derivatives were designed and synthesized. The structures of the target compounds were confirmed by 1 H-NMR, 13 C-NMR, and high-resolution electrospray ionization mass spectrometry (HR-ESI-MS), and their fungicidal activities against Botrytis cinerea, Rhizoctonia solani Kuhn, Valsa mali Miyabe et Yamada, Thanatephorus cucumeris (Frank) Donk, Fusarium oxysporum (S-chl) f.sp. cucumerinum Owen, and Fusarium graminearum Schw were tested. The bioassay results indicated that most of the derivatives exhibited considerable antifungal activities, especially compound 26 containing a p-trifluoromethylphenyl moiety showed the highest activity, with EC 50 values of 2.432, 2.182, 1.787, 1.638, 6.986, and 6.043 μg/mL against B. cinerea, R. solani, V. mali, T. cucumeris, F. oxysporum, and F. graminearum, respectively. Moreover, the activities of compounds such as compounds 27-32 were enhanced by introducing isothiocyanate and carboxamide moieties to the 5-position of the pyrazole ring.
Introduction
It was well accepted that agricultural diseases caused by pathogenic fungi threaten the security and efficiency of crop production [1] [2] [3] . In order to maintain a substantial increase in crop production and to meet humans' growing demand for food quality and quantity, fungicides are widely used for crop protection [4] . Unfortunately, many commercial chemical fungicides have been challenged by the development of resistance [5, 6] . Thus, there is an urgent need for novel highly active fungicides, especially those with new modes of action, to handle these problems.
In recent years, substituted pyrazole derivatives have captured considerable attention owing to their broad spectrum biological properties. Compounds with pyrazole functional units exhibit antimicrobial [7] , herbicidal [8] , antitumor [9] , insecticidal [10] [11] [12] [13] , fungicidal [14] [15] [16] [17] [18] and antiviral activities [19, 20] . Lamberth [21] has summarized the significance of pyrazole derivatives in crop protection chemistry, including herbicidally-, fungicidally-and insecticidally-active pyrazole classes. The pyrazole ring is a particularly efficient pharmacophore in fungicide design [22] . There are some novel fungicides such as bixafen (Bayer), fluxapyroxad (BASF), penflufen (Bayer), penthiopyrad (Mitsui Chemicals Inc & Co; Dupont), sedaxane (Syngenta), furamethpyr (BASF) and isopyrazam (Syngenta), a group of succinate dehydrogenase inhibitors, which structures include pyrazole rings. These commercial compounds also possess a carboxylic function in position 4. Isothiocyanate compounds such as allyl isothiocyanate, ethyl isothiocyanate, and so on are also used to control fungi mycelial growth [23] . The isothiocyanate group could be combined with zymoprotein which produces sulfydryl amino acids (activation of apoptosis proteins) in the fungi, causing the fungi to die. According to the isostere concept, we have now combined isothiocyanates and substituted pyrazoles to produce a series of novel substituted pyrazole aminopropyl isothiocyanates, seeking compounds with high efficacy fungicidal activity. In addition, the strobilurin derivatives containing both a β-methoxyacrylate and a substituted pyrazole in the side chain displayed excellent fungicidal and acaricidal activities [24] . It was reported that the variation of the substituent and the position on the pyrazole could greatly influence the activities [25] [26] [27] [28] [29] [30] [31] [32] . Based on the hypothesis that incorporating different moieties possessing fungicidal properties into the backbone of a pyrazole ring might enhance the fungicidal activities of pyrazole analogues, 32 novel substituted pyrazole derivatives were designed and synthesized in this paper, and the fungicidal activities of these compounds were tested. The structure-activity relationships were also examined.
Result and Discussion

Chemical Synthesis
Thirty-two title compounds were prepared according to the methods presented in Scheme 1, including twenty-six 1,3,4-substituted-5-aminopyrazole derivatives, two 1,3,4-substituted pyrazole amides, and four 1,3,4-substituted pyrazole isothiocyanates. Compounds 3a-d were obtained by the treatment of the dithioacetal dipotassium salts 2a-b with dimethyl sulfate or benzyl chloride in the presence of methanol and H 2 O. The resulting compounds were then reacted with corresponding hydrazines to afford 1,3,4-substituted-5-aminopyrazole derivatives 1-26. In order to explore the effects of substituted pyrazole compounds against pathogenic fungi, amide groups and isothiocyanate groups were introduced. The substituted pyrazole amides 27 and 28 were synthesized by treating aromatic acid with compounds 3 and 4 in the presence of dicyclohexylcarbodiimide (DCC) and dimethylaminopyridine (DMAP). Preparation of the target 1,3,4-substituted pyrazole isothiocyanate compounds was performed as follows: first, the compounds were converted into 1,3,4-substituted-5-N-(3-bromopropyl)pyrazoles through alkylation using 1,3-dibromopropane. Then, 4a-d were reacted with sodium azide to obtain hydrazoate compounds 5a-d. Treatment of 5a-d with triphenylphosphine and carbon disulfide in THF afforded 29-32.
Most of target compounds were synthesized in good yields of 90% or higher and were characterized by 1 H-NMR, 13 C-NMR and HR-MS (ESI). All spectral and analytical data were consistent with the assigned structures.
Fungicidal Activity
The initial screening data results for the fungicidal activities of the tested compounds against In addition, the functional group diversity on R 3 was also essential for the fungicidal activity of the title compounds. According to the data presented in Tables 1 and 2 , it can be observed that the introduction of a chlorine atom or fluorine atom on the substituted phenyl on R 10 .266 μg/mL. Comparing compounds 4 and 28, the same result that an amide moiety dramatically improved the potency of compound 28 was obtained. Furthermore, to search for the influence caused by the isothiocyanate structure, an isothiocyanatopropane moiety was introduced to compounds 3, 4, 6, and 8, thus generating compounds 30, 29, 31, and 32, respectively. Among these compounds, 30, 29, 31 and 32 which contain an isothiocyanate group were more active than the compounds without such a group, especially compound 29, which EC 50 value of against T. cucumeris was 3.181 μg/mL, much lower than compound 4 with an EC 50 value of 10.253 μg/mL. Due to the lack of a wide range of compounds with amide and isothiocyanate moieties, more detailed structure-activity discussions of the fungicidal activity is almost impossible, but the findings mentioned above suggested that amide and isothiocyanate moieties are essential for obtaining interesting fungicidal activity for the designed compounds and pyrazole derivatives containing amide and isothiocyanate moieties are worthy of further study. C-NMR spectra were recorded on a Bruker AV500 spectrometer (Bruker, Bremerhaven, Germany) in CDCl 3 , CD 3 COCD 3 , pyridine or DMSO-d 6 solution with TMS (tetramethylsilane) as the internal standard. Chemical shift values (δ) are given in parts per million (ppm). HR-ESI-MS spectra were carried out using a Bruker apex-ultra 7.0 T spectrometer. The measurement of melting points was conducted on an X-4 binocular microscope melting point apparatus (Beijing Tech Instruments Co., Beijing, China). All chemical reagents and solvent were of analytical grade. Silica gel for Thin Layer Chromatography (TLC) and Column Chromatography (CC) was purchased from Qingdao Haiyang Chemical Co. Ltd. (Qingdao, China).
Experimental Section
General Information
Chemical Synthesis
All anhydrous solvents were dried and purified by standard techniques before use. The synthetic route is given in Scheme 1.
General Procedure for the Synthesis of Compounds 3a-d
A previously described method was used to synthesize compound 3a [33] . In brief, powdered KOH (0.3 mol, 16.83 g) was added to a solution of CH 3 CN (125 mL) and cooled to 0 °C by means of an ice bath. Then malononitrile (0.15 mol, 9.91 g) was added dropwise, and after the color of the reaction mixture became light yellow, CS 2 (0.15 mol, 11.42 g) was added in portions. The system was kept at room temperature for 2 h. The final slurry was filtered under vacuum, filtered and washed with ether (3 × 100 mL), dried, and then transferred to a mixture of methanol-water (5:1 by volume) placed in a 250 mL round-bottomed flask equipped with a mechanical stirrer. While stirring at room temperature, benzyl chloride (0.3 mol, 37.97 g) was added dropwise from a dropping funnel into the mixture. After the addition was completed, the system was continuously stirred for 3 h. The mixture was filtered and washed with ether (3 × 100 mL) to obtain a white solid. A pure sample can be achieved by recrystallization from ethanol. Compounds 3b-d were synthesized by following the procedure of intermediate 2a-b using NCCH 2 COOEt replacing malononitrile and dimethyl sulfate in place of benzyl chloride.
General Procedure for the Preparation of Compounds 1-26
In a 250 mL three-necked round-bottom flask equipped with a magnetic stirrer and a reflux condenser, anhydrous ethanol (30 mL), different hydrazines (0.05 mol), and intermediate compounds 3a-d were added. Then the reaction mixture was heated to reflux and stirred till the reaction was complete, as monitored by TLC. After completion, the mixture was filtered to obtain crude target compounds. The purification procedure of compounds 9-25 was recrystallization from isopropanol, the residue was purified through column chromatography using petroleum ether and ether as eluent to get products 1-8, 26 [34] . (5 Amino-3-(methylthio)-1-(2,4,6-trichlorophenyl) (9) (10 (11 (12 (14) . Yield, 96%; white solid; m.p. > 260 °C; (15) . Yield, 93%; white solid; m.p. > 260 °C; (17) . Yield, 94%; white solid; m.p. > 260 °C; (18) . Yield, 95%; white solid; m.p. > 260 °C; (19 (20 Amino-3-(methylthio)-1-nicotinoyl-1H-pyrazole-4-carbonitrile (21) . Yield, 86%; white solid; m.p. 182-185 °C; (24) . Yield, 92%; white solid; m.p. > 260 °C; (25 (26) . Yield, 90%; brown solid; m.p. 95-97 °C; 
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General Procedure for Compounds 27-28
For the preparation of compounds 27-28, 4-fluorobenzoic acid (1 mmol, 140.1 mg) or 3-chlorobenzoic acid (1 mmol, 156.6 mg) was added to a well-stirred solution of DCC (1.2 mmol, 247.6 mg) in DCM. After the mixture became dark, compound 3 or 4 and DMAP (0.24 mmol, 29.3 mg) were added, stirred at room temperature monitored by TLC, until the reaction finished [35] . The contents of flask were filtered, the filtrate was collected, the solvent was removed under reduced pressure and the residue was purified on silica gel, eluting with a mixture of petroleum ether and ethyl acetate (2:1, by volume). (27 
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General Procedure for Compounds 29-32
A total of 1 mmol of 1,3,4-substituted-5-amino pyrazoles (3, 4, 6 or 8) and potassium hydroxide powder (1 mmol, 561.1 mg) were mixed with THF (20 mL) of in a 100 mL round-bottom flask, then 1,3-dibromopropane (1 mmol, 201.9 mg) was added dropwise to the mixture. After 6 h of stirring at room temperature, sodium azide (1.5 mmol, 975.2 mg) was added and heated at 45 °C for 3 h. Then, triphenylphosphine (1 mmol, 262.3 mg) and carbon disulfide (1.5 mmol, 114.2 mg) were added, stirred at room temperature until the reaction was completed [34] . The final slurry was filtered, the filtrate was evaporated under reduced pressure, and the residue was purified through column chromatography using petroleum ether and ether as eluent to afford 29-32. (29 Isothiocyanatopropylamino)-3-(methylthio)-1-(2,4,6-trichlorophenyl) 
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Bioassay of Antifungal Activity
Preparation of Tested Fungal Pathogens
The fungal pathogens B. cinerea, R. solani, V. mali, T. cucumeris, F. oxysporum, and F. graminearum were provided by Northwest A&F University (Yangling, China). R. solani, V. mali, T. cucumeris, F. oxysporum, and F. graminearum were activated for 1 week at 25 °C on potato dextrose agar (PDA) media, while B. cinerea was cultured at 20 °C on the same medium after being retrieved from the storage tube. A punch was used to make agar discs with mycelium (4 mm in diameter).
Fungicidal Activity Assay
For initial screening of fungicidal activities of title compounds, test compounds were dissolved in 1000 mg/L and mixed with sterile molten potato dextrose agar (PDA) to obtain final concentration of 100 mg/L. In the terms of rescreening antifungal activity, two-fold serial-dilution technique was used to prepare stock solution of compounds 1-32 [36] . For this purpose, tested samples dissolved in acetone or DMSO at a concentration of 2000 mg/L to form the initial dilution. Then, the solution was diluted with 0.1% Tween-20 in water to obtain a set of eight dilutions of test compounds. After completion, 9 mL of the PDA inoculated broth was taken in a graduated test tube with stopper and the prepared solution (1 mL) was added to it to form a mixture containing tested compound concentration of 100, 50, 25, 12.5, 6.25, 3.13, 1.56, and 0.78 mg/L, with the final concentration of acetone or DMSO lower than 1% (v/v). Then, mixture was poured into culture dish (9 cm in diameter) to make plates.
Inhibitory activities of the compounds against tested fungal pathogens were evaluated in vitro using the mycelial growth rate methods which given in [37] . Carbendazole was used as positive control and 1% acetone or DMSO with sterile distilled water as negative control. Three replicates were performed for each experiment. The inhibition rate was calculated according to Equation (1):
where I is the inhibition rate, D 1 is the average diameter of mycelia in the blank test, and D 0 is the average diameter of mycelia in the presence of compounds. The results are given in Table 2 .
Statistical Analysis
All experimental data were calculated and analyzed using SPSS 20.0 for Windows (SPSS China, Shanghai, China).
Conclusions
A series of novel tetrasubstituted pyrazole derivatives 1-32 were designed and synthesized in this paper. Most of them possessed excellent activities against B. cinerea, R. solani, V. mali, T. cucumeris, F. oxysporum, and F. graminearum. Especially, compound 26 showed the highest antifungal activity against all tested fungal pathogens with EC 50 values of 1.638-6.043 μg/mL. It was worthy of mention that the introduction of isothiocyanate and amide moieties into the pyrazole ring could dramatically enhance the activities of the target compounds. And compounds with those functional groups were worthy of further study.
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